This paper describes an investigation into the behaviour of the pressure surface separation at midspan in a linear cascade. It is found that the pressure surface separation can be a significant contributor to the profile loss of a thin, solid, low pressure turbine blade that is typical of current engine designs.
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INTRODUCTION
The intense competition within the airline industry creates sustained pressure to achieve reductions in both the cost of manufacture and the weight of modern aircraft engines. The low pressure turbine accounts for roughly one third of the gross weight of the Rolls-Royce 'RB211' and 'Trent' series of aircraft engines [1] . As a result, there is significant demand for low pressure turbine blades that are both light and inexpensive. For the designer, reduced engine weight implies a choice between thin, solid and thick, hollow low pressure turbine blades. However, thin, solid blades are substantially cheaper to manufacture than equivalent thick, hollow blades and are therefore used in most modern designs.
Of course, the aerodynamic performance of a low pressure turbine blade must also be acceptable. In particular, thin, solid blades often have a separation bubble near the leading edge on the pressure surface at design conditions. This separation is referred to as the 'pressure surface separation'. Given that thick, hollow blades can be designed to avoid this phenomenon, the relative aerodynamic performance of thin, solid blades is dependent on the loss that the pressure surface separation produces.
The behaviour of the pressure surface separation inside the rotating rig is complex and appears to be affected by both centrifugal and radial pressure gradient effects [2, 3, 4] . However, it is generally found that separation occurs close to the leading edge and the location of reattachment moves further downstream with reduced flow coefficient (or incidence). Pressure surface separations in linear cascade also exhibit a strong dependence on incidence [5, 6, 7] . However, only Yamamoto & Nouse [6] performed measurements of the pressure surface boundary layer. Their results suggested that the pressure surface separation could produce significant loss although this was not quantified.
The main aims of this investigation are therefore to quantify the loss produced by the pressure surface separation, to identify the mechanisms that give rise to this loss and to develop a prediction method that can be used in the preliminary stages of design. Experiments are performed at midspan on a thin, solid, low pressure turbine blade in linear cascade. In keeping with studies such as Curtis et al. [1] , the effect of a more 'engine representative' disturbance environment is also investigated. A complementary study concerning the effect of the pressure surface separation on the secondary flow is presented in Brear et al. [8] .
EXPERIMENTAL METHODS
All experiments were performed in low speed, open return wind tunnels at the Whittle Laboratory. Further details are given in Brear [9] . The 'moving bar cascade', discussed in more detail by Curtis et al. [1] , was used to simulate the wakes shed from an upstream blade-row. Wakes were generated by circular bars of 2mm diameter which translate circumferentially along a plane located 50%C X upstream of the cascade leading edge. This choice of bar diameter and axial location was shown by Howell et al. [10] to generate wakes that are representative of those inside the low pressure turbine. The cascade consisted of seven blades ( Figure 1 ) with circular leading edges and parameters given in Table 1 . It is noted that He [7] studied the same profile, but on a cascade with a lower aspect ratio. The behavior of the pressure surface separation was studied in three disturbance environments: steady inflow (SI), with wake passing (W) and with a turbulence grid in place (G). RMS intensities are given in Table 2 . The steady inflow and grid investigations were performed at +10°, 0 and -10° incidence. The wake passing investigation was only performed at 0° incidence, for which the flow coefficient (φ=V X /U) was fixed at 0.73 and the reduced frequency, f =0.29,0.58,1.16, was varied by changing the spacing of the bars.
The range of Re 2 (based on blade chord) was from 100,000 to 300,000, although most results were obtained at a cruise Re 2 of 130,000. In all cases, the suction surface boundary layer was tripped at 73%C X with a 0.41mm diameter stainless steel trip. This limited the effect of variations in the suction surface flow during the present study, but increased the overall profile loss considerably. Table 2 : RMS intensities at 0%C X and mid-pitch
The turbulence grid was specifically chosen so as to create an 'engine representative' turbulence intensity. It was placed approximately 870mm upstream of the central cascade blade and was composed of a square array of 12.7mm circular bars with 76.2mm pitch. RMS intensities are given in Table 2 . The streamwise integral length-scale of the turbulence was approximately 21mm at 0%C X and mid-pitch.
Hotwire measurements along the pressure surface and at inlet to the cascade were performed with 'Dantec' single, normal hotwires and Dantec constant temperature anemometry equipment. A total of 8192 samples were measured at a 2kHz logging frequency, with the low pass filter set to 1kHz cut-off. The entire pressure surface flow was mapped out with 19 circumferential traverses from 95%C X to 5%C X along the pressure surface in 5%C X increments and a further traverse at 1%C X . All traverses extended from 0.1mm circumferentially above the pressure surface to one third of the blade pitch. Details of the calibration procedure are given in Brear [9] . Uncertainty of u was estimated to be ±0.1 u in the separated shear layer and ±0.03 u in the freestream and attached flow.
The surface static pressure was measured around the blade with a 'Scanivalve' differential pressure transducer of ±35mbar range. Uncertainty of V/V 2 is estimated to be ±0.02.
A single pitot probe was used for measurements of the pressure surface loss (Y PS ) and profile loss (Y P ). The probe tip had 0.5mm O.D. and 0.3mm I.D. The small diameter was required for reasonable resolution of the pressure surface boundary layer. The wake traverses were performed at 125%C X and the pressure surface traverses were performed at 95%C X . The pressure surface loss coefficient (Y PS ) was defined as where P 02 is the stagnation pressure measured at 125%C X . In order to obtain a mass averaged pressure surface loss coefficient ( PS Y ), the flow at 95%C X was assumed to be at the blade design exit angle (α 2D ) and with uniform static pressure equal to ambient pressure. Both of these assumptions are closely satisfied at 125%C X , meaning that PS Y is a reasonable measure of the contribution by the pressure surface to the overall mass averaged profile loss at 125%C X . Y PS and Y P were measured using a 'Zoc' differential pressure transducer of ±10" H 2 O range. The uncertainty of measuring both Y P and Y PS is estimated to be ±0.0017 at Re 2 =130,000, which is a considerable fraction of Y PS .
Smoke-wire flow visualization was used to reveal the structure of the pressure surface separation at midspan. A wire made of '80/20 Vacrom' was placed upstream of the cascade. It was 0.12mm in diameter and had 88.3 Ω/m impedance. 'Shell Ondina Oil EL' oil coated the wire and a DC voltage was applied between its two ends. A 1kW columnated Halogen lamp was placed downstream of the cascade. This produced a sheet of light that was positioned to illuminate the midspan section. A high speed, digital video camera (Kodak Ektapro, model 4540) was positioned next to the cascade. A perspex cascade endwall allowed viewing of the pressure surface flow.
NUMERICAL PREDICTIONS
The numerical predictions were performed with a steady, two dimensional, viscous/inviscid coupled solver named 'Mises' [11] . This was only used in its fully inviscid mode in the present study and predictions were performed at a cascade exit Mach number of 0.2. Special attention was paid to the resolution of the leading edge flow and grid independence was achieved easily. Figure 2a shows typical wake traverses performed at three incidences. The wake profile is essentially symmetrical at +10° incidence. As the incidence is reduced, an extended region of stagnation pressure loss develops on the pressure side of the wake. Figure 2b shows that this region of pressure side loss originates upstream of the trailing edge: at a given incidence, the magnitude of the asymmetry in Figure 2a is matched by the traverses in Figure 2b .
RESULTS AND DISCUSSION

Stagnation pressure loss
The variation of pressure surface loss with Reynolds number is shown in Figure 3 . The effect of the turbulence grid was within the experimental uncertainty. Furthermore, the pressure surface loss when wake passing was included could not be measured directly because the loss associated with the wakes could not be separated from that generated along the pressure surface. As an estimate of the significance of the data in Figure 3 , the mass averaged values at Re 2 =130,000 correspond to approximately 0.5%, 0.6% and 1.2% of the isentropic efficiency of a modern low pressure turbine operating at +10°, 0° and -10° incidence respectively. This suggests that the pressure surface flow can have a significant impact on the performance of the low pressure turbine. Figure 4 shows the predicted effect of incidence on the flow around the leading edge. The stagnation point moves from near the pressure surface blend point at +10° incidence to approximately coinciding with the suction surface blend point at -10° incidence. The stagnation points are also accompanied by peaks in velocity (indicated by the second arrow extending from the leading edge center) which will be called leading edge 'spikes' [12] . The varied location of these spikes shows that they are not associated with any discontinuities in curvature, but instead suggest that they arise in the smooth flow around a surface with a small radius of curvature.
Isentropic velocities
As the incidence is reduced, the leading edge spikes form the start of an extended region of deceleration on the pressure surface ( Figure  5a ). Furthermore, Figure 4 suggests that there must be a spike on the leading edge and that the magnitude of the inviscid deceleration on the pressure surface is controlled by the location of the leading edge stagnation point. Given that the magnitude of these leading edge spikes primarily determines the intensity of the inviscid deceleration downstream of the leading edge, it appears that the leading edge flow gives rise to the strong incidence dependence of the pressure surface separation. For a given blade, the location of the leading edge stagnation point is controlled by the incidence. In design, the location of the stagnation point at a given incidence can be controlled, for example, by variations in the inlet metal angle of the blade. Of course, careful placement of the stagnation point can only be done at one incidence. This suggests that leading edge spikes cannot always be avoided on thin turbomachinery blades that operate over a large range of incidences.
Whilst leading edge spikes may form the start of the inviscid deceleration along the pressure surface, the extended region of deceleration from 0% to 30%C X occurs because the profile in question is relatively thin. Brear et al. [8] show that thickening the blade profile removes this extended region of adverse pressure gradient, and hence the pressure surface separation. However, this may be undesirable due to the cost reasons described earlier. Figure 5a shows that the pressure surface separation significantly modifies the static pressure distribution around the leading edge and foreblade (0% to 50% C X ). The magnitude of the peak velocity in experiment is smaller than that found in the inviscid numerical predictions. This is in keeping with Walraevens & Cumpsty [12] , who suggest that the differences between the inviscid and experimental isentropic velocity distributions is because the leading edge separation increases the radius of curvature followed by the flow.
The location of reattachment (identified as R with appropriate subscripts) is shown in Figure 5a&b as occurring at the local maximum of static pressure. This method of locating the reattachment point is shown by Brear et al. [8] to be reasonable using surface flow visualizations obtained both from experiments and numerical predictions on blade A. In an inviscid flow, a point of attachment is, of course, a local maximum in static pressure (eg. the leading edge stagnation points in Figure 4) . Furthermore, the mean velocity profiles presented in Figure 8a suggest that this method is valid. Figure 5a is therefore clear evidence that the size of the pressure surface separation increases considerably with reduced incidence.
Smoke-wire flow visualization
Smoke wire visualization at -10° incidence illustrates the behavior of the pressure surface flow (Figure 6 ). At midspan, vortices of spanwise sense form periodically: the structure labeled '1' can be seen to be relatively small in the first image (top left) and then undergo a rapid growth as it travels downstream. By the fourth image (bottom left), it is approaching the scale that structure '2' had in the first image. The frequency of this process matches that observed in the hotwire measurements discussed later. Similar behavior to Figure 6 was also observed at +10° and 0° incidence. This suggests that transition within the pressure surface separation is characterized by the growth, transport and eventual breakdown of vortices. Significant unsteadiness continues downstream of the mean reattachment point (R). Figure 7 is in qualitative agreement with the smoke-wire visualization presented in Figure 6 . Furthermore, Figure 7 shows the incidence dependence of the entire pressure surface flow. The trend seen in Figure 7 therefore agrees with those presented in the stagnation pressure loss measurements (Figure 2b ) and the isentropic velocity distributions (Figure 5a ). Since unsteadiness must take its kinetic energy from the mean flow, regions of unsteadiness are often coincident with regions of stagnation pressure loss. Therefore, Figure  7 suggests that the added loss created by reducing the incidence (Figure 2b, Figure 3) originates mainly within the pressure surface separation. Mean velocity profiles throughout the pressure surface separation at 0° incidence are shown in Figure 8a . Reversed flow is not indicated since a stationary, single hotwire cannot determine the flow direction. The velocity profiles are inflectional within the separated shear layer. Although not shown, there is also a trend for the point of inflection to move further away from the pressure surface with a reduction in incidence. Thus, the pressure surface separation becomes thicker as it becomes longer. In order to pass a given massflow through the bladerow, it follows that the velocities through the separated shear layer must increase as the incidence is reduced. The consequences of this are discussed later. Figure 8a also shows that the point of inflection of the mean velocity profiles moves closer to the pressure surface with the addition of wake passing. The reattachment point (R W ), again identified as a local maximum in static pressure (Figure 5b ), also moves upstream. Therefore, wake passing makes the pressure surface separation smaller. This was also true of the addition of the turbulence grid: the location of reattachment at 0° incidence with the turbulence grid in place was the same as that shown for the wake passing case in Figure 8a . Indeed, the addition of the turbulence grid or wake passing always reduced the size of the pressure surface separation regardless of the wake passing frequency or the incidence. Figure 8b shows profiles of u RMS that are typical of hotwire measurements in separation bubbles [13, 14] . There is a peak value of u RMS , which will be defined as occurring at the center of the separated shear layer. In keeping with Figure 8a , the peak value of u RMS moves closer to the pressure surface with the addition of wake passing. Once again, similar behavior always occurred irrespective of whether wake passing or the turbulence grid was used. In all disturbance environments, the peak value of u RMS coincided with the point of inflection of the mean velocity profiles over most of the separation (eg. Figure 8a&b ). This has been observed in several studies of separation bubbles, and strongly suggests that the dominant transitional mechanism of the pressure surface separation was the Kelvin-Helmholtz instability [13, 14, 15] . Figure 9a shows that the maximum u RMS grows rapidly under steady inflow. This is particularly clear at +10° incidence, with approximately exponential growth occurring over nearly the entire length of the pressure surface separation and ceasing near reattachment. The growth at 0° and -10° incidence appears to be more rapid than at +10° incidence and ends well before reattachment. In keeping with the results of several other studies, Figure 9a is therefore evidence that spatially linear stability theory can be used to describe the transition of the separated shear layer in the low disturbance environment [13, 15] . Spatially linear stability theory shows that inflectional mean velocity profiles are unstable to a finite range of frequencies and have a 'most amplified frequency' [15] . This most amplified frequency should be evident in raw traces: as Figure 10a shows at Re 2 =130,000 and +10° incidence, there is a strongly periodic disturbance with a frequency of approximately 90Hz at 10%C X . Further into the region of exponential growth, this frequency can still be seen in the trace at 20%C X , although it is partially masked by unsteadiness of other timescales. By 40%C X , exponential growth has ended, the shear layer is reattaching and the raw trace exhibits unsteadiness with a range of timescales including that of the most amplified frequency. This final trace can be considered turbulent. Under steady inflow, the raw signals at 0° and -10° incidence also exhibited clearly periodic behavior, with similar frequencies to that observed at +10° incidence (Table 3) . Table 3 shows that the length/time-scales of the wake passing and the turbulence grid are of the same order as the 'most amplified' scales present within the separated shear layer under steady inflow (the length-scales associated with the most amplified frequencies observed under steady inflow were calculated by assuming a convective velocity of half the shear layer edge velocity). Since the separated shear layer should be unstable to a range of frequencies around its most amplified frequency, it is reasonable to expect that the separated shear layer responds to these various forms of freestream disturbance. Figure 10b is evidence of this: the wake passing frequency can be seen in the 'freestream' raw velocity trace as well as in the earlier stages of transition along the center of the separated shear layer. As Figure 8b shows, this results in a more rapid rise in the unsteadiness within the separated shear layer. The turbulence grid has similar effect, with its excitation most clear at +10° incidence (Figure 9b ). Most authors consider that increasing the entrainment of the separated shear layer draws the dividing streamline towards the wall, thereby shortening the separation [12, 16] . If this is the case, wake passing in the present study has a qualitatively similar effect to that of the freestream turbulence: both forms of disturbance excite an earlier/stronger transition of the separated shear layer and hence reduce the size of the pressure surface separation. This also suggests that wake passing may have a similar effect to the turbulence grid on the loss generated by the pressure surface. Table 4 shows, however, that the turbulence grid appears to have a less significant effect in reducing the length of the pressure surface separation as the incidence is reduced. This is perhaps because the location of turbulent onset, indicated reasonably by the completion of exponential growth in Figure 9a , moves further upstream with reduced incidence: if transition occurs earlier, there is less unstable, laminar shear layer to excite. Nonetheless, this basic argument explains the commonly observed result that an 'engine representative' disturbance environment can reduce the size of separated regions in the turbomachine. 83 32 n/a n/a n/a 21 0.65 n/a n/a n/a 0.60 Table 4 : Mean reattachment locations (x/C X ) of the pressure surface separation on blade A (Re 2 =130,000) Figure 6 and Figure 7 suggest that the development of the boundary layer downstream of reattachment will be significantly affected by the pressure surface separation. More fundamental studies generally show that structures created within a separation bubble are long lived [17] . The isentropic velocity distributions in Figure 5a&b showed a strong favorable pressure gradient along the pressure surface from reattachment to the trailing edge. This suggests the possibility of relaminarisation [18] . Using the experimental results in Figure 5 , the acceleration parameter along the pressure surface was calculated using ds dV V K 2 ν = (3) and is shown in Figure 11 . It can be seen that once reattachment occurs, the acceleration parameter exceeds the critical acceleration parameter (3.10 -6 ) that is commonly used to indicate whether relaminarisation should occur [18] . The fluid therefore experiences a complex set of possible influences downstream of reattachment: both the history of the separated flow from upstream and that of the strong acceleration should be significant. Figure 12 shows u RMS profiles from reattachment to 95%C X at 0° incidence. From the reattachment point onwards the u RMS produced in the separated shear layer appears to dissipate and/or diffuse. However, a peak in u RMS develops nearest the wall. In keeping with other studies, the general tendency of the boundary layer downstream of reattachment is to allow the unsteadiness produced upstream to diminish whilst a new 'inner layer' develops along the pressure surface [17] . In all the cases studied, the absolute peak u RMS of the inner layer increased with axial distance (eg. Figure 9a,b) . However, Figure 12 shows that when u RMS is non-dimensionalised by the local isentropic velocity, the peak associated with the inner layer decreases with axial distance. The behavior of the inner layer is therefore an example of a 'weak' relaminarisation [18] . The continued increase in absolute levels of unsteadiness with axial distance suggests that the mean flow does not act to promote turbulent dissipation over turbulent production. The flow is relaminarising simply because the rate of turbulent production inside the inner layer is less than the rate at which the freestream velocity increases. 
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Modeling the pressure surface separation
It has been shown that the pressure surface separation can be a significant contributor to the profile loss. This section presents a model of the pressure surface separation and hence suggests mechanisms by which this loss is produced. Furthermore, this model uses only the isentropic velocity distribution and the mean velocity profiles throughout the pressure surface separation. By using viscous, numerical predictions, it can therefore also be used as a predictive model in the preliminary stages of design.
The model of the pressure surface separation considers that the fluid bounded by the dividing streamline and the surface is in static equilibrium [19] (Figure 13 ). The dividing streamline is assumed to be axial, meaning that the pressure forces acting normal to the dividing streamline do not contribute to the axial equilibrium. Laminar shear stresses throughout the pressure surface separation are neglected because they are considered to be small.
Figure 13: The model of the pressure surface separation
The axial balance between the three imposed forces is ( )
where 'H' is the maximum circumferential thickness of the separation and 'L' is its axial length. 'P US ' is the average static pressure from the separation point to the maximum separation thickness and was found to be approximately equal to the pressure in the dead air region (P B ). 'P DS ' is the average static pressure from the maximum separation thickness to reattachment. A linear variation over the pressure recovery region results in:
( ) where 'C PB ' and 'C PR ' are the static pressure coefficients in the dead air region and at reattachment and ' P C ' is the average static pressure along the separation. ' τ C ' is the average turbulent shear stress coefficient along the dividing streamline:
where 'V' is the velocity at the edge of the separated shear layer. The isentropic velocity distribution in Figure 5a at 0° incidence has been superimposed onto the mean profiles in Figure 8 as dashed lines. This shows that the isentropic velocity is a reasonable shear layer edge velocity. Similar results are found at other incidences.
Equation 6 relates the turbulent shear along the dividing streamline to two non-dimensional groups. The first relates the pressure difference over the separation to the local average dynamic head and was determined experimentally from the blade surface static pressure measurements. The second is the aspect ratio of the pressure surface separation (H/L). The axial length (L) of the separation is also determined from the blade surface static pressure measurements. The maximum height of the separation (H) is estimated from the mean velocity profiles such as Figure 8a by assuming that the velocity along the dividing streamline at maximum height is half that of the local freestream velocity. Thus, all terms in equation 6 are obtained solely from experimental results. Figure 14 shows the values of τ C obtained from equation 6 against the aspect ratio of the pressure surface separation. The three clusters of points at low, medium and high aspect ratio represent data taken at +10°, 0°, -10° incidence respectively, with each cluster composed of results at Re 2 between 100,000 to 300,000. The straight line through the data is a line of best fit of the steady inflow data only. Whilst this approximately linear variation may suggest some deeper significance, the authors feel that it is more likely to be particular to the present study. The actual value of τ C along the dividing streamline could not be measured because a stationary, single hotwire was used. However, the range shown in Figure 14 is within those found in the literature for laminar separation bubbles, which suggests that the values of τ C found in the present study are reasonable.
Neglecting the laminar shear, the dissipation coefficient can be written as:
At reattachment, Horton [20] puts forward several arguments to suggest that his 'universal' mean velocity profile is similar to a wake and thus has constant turbulent viscosity. In Horton's [20] which Horton [20] applies to the entire turbulent portion of the separated shear layer. Given the usual early transition in the present study, equation 10 will therefore be applied over the entire separated shear layer.
The dividing streamline is expected to lie between the center of the separated shear layer and the blade surface [13] . This is certainly the case at separation and reattachment, and suggests that the turbulent shear on the dividing streamline at a given axial location will be less than the maximum turbulent shear in the shear layer. The turbulent shear on the dividing streamline is therefore assumed to be equal to the average across the shear layer ie. [21] . Figure 3 shows a comparison between the predicted and measured values of Y PS for the steady inflow results. The model agrees closely with experiment at higher Reynolds numbers. Because the dissipation coefficient downstream of reattachment was estimated, it cannot be determined whether this improvement is due to the modeling of the pressure surface separation or the region downstream of reattachment. Nonetheless, the trend of increased Y PS with a reduction in incidence is evident. Figure 15a reveals the behavior of the model. The pressure surface separation is predicted to create an order of magnitude more loss at -10° incidence than at +10° incidence. At +10° incidence, the pressure surface separation is a small contributor to Y PS and the attached boundary layer downstream produces most of the pressure surface loss. However, at -10° incidence, most of the pressure surface loss is produced by the pressure surface separation. The pressure surface separation at this incidence is almost as dissipative as the flow at the trailing edge.
Given that Figure 14 predicted that τ C for the pressure surface separation at -10° incidence was only approximately 2.5 times that at +10° incidence, the order of magnitude difference in the predicted dissipation of the pressure surface separation at these two incidences cannot solely be due to the difference in C d . Instead, the dissipation of the pressure surface separation is also dependant on the blockage that the separation produces. This can be seen in Figure 15b , where the cube of the shear layer edge velocity of the pressure surface separation at -10° incidence is approximately 5 times that at +10° incidence. Combining the added blockage with the increased value of C d therefore gives the required order of magnitude difference in dissipation between these two incidences. The dependence of the pressure surface loss on the pressure surface separation is therefore twofold. A separation with increased aspect ratio will be more dissipative. However, higher aspect ratio separations also present greater blockage to the flow, thereby increasing the velocity in the separated shear layer. The present study showed that this blockage effect is significant, since loss production scales with the cube of the shear layer edge velocity. In the authors' view, this 'twofold' nature of loss production should be of general relevance to separated, internal flows.
The presented model also sheds light on the designer's choice between thick, hollow and thin, solid blades. Equivalent, thicker airfoils could possibly be designed in which a given isentropic velocity distribution, such as those shown in Figure 5 , is realized without separating the pressure surface boundary layer. This would reduce C d considerably whilst maintaining the effect of the blockage. However, Figure 15a showed that, in terms of the overall profile loss (Y P ), the loss produced by the pressure surface separation at +10° and 0° incidence is relatively small. This suggests that design operation near 0° incidence is reasonable on blade A, and that little improvement in Y P around 0° incidence is expected from an equivalent, thicker profile.
CONCLUSIONS
The pressure surface separation can be a significant contributor to the profile loss of thin, low pressure turbine profiles. This has been shown at negative incidence on a linear cascade of blades that are typical of current engine designs.
The pressure surface separation arose because an adverse pressure gradient existed in the inviscid flow from the leading edge and along the foreblade of the pressure surface. The intensity of this adverse pressure gradient was largely determined by the incidence, which strongly controlled the magnitude and location of 'spikes' in velocity on the leading edge. All characteristics of the pressure surface separation were therefore mainly dependent on the incidence. The strong acceleration downstream of reattachment was observed to initiate a 'weak' relaminarisation of the pressure surface flow in all cases.
The transitional, separated shear layer appeared to experience the Kelvin-Helmholtz instability. 'Engine representative' unsteadiness, in the form of either wake passing or grid generated freestream turbulence, was of an appropriate scale to excite the unstable, separated shear layer. This encouraged earlier and/or stronger transition, thereby reducing the size of the pressure surface separation. However, both forms of unsteadiness were suggested to have only a marginal effect on the profile loss.
A simple model of the pressure surface flow was then proposed, in which the mechanism by which the pressure surface separation created its loss was twofold. The pressure surface separation was highly dissipative through the action of its strong turbulent shear. As the incidence was reduced, the increasing blockage of the pressure surface separation then raised the velocity in the separated shear layer to levels at which the separation could create significant loss. This model used only the surface static pressure distribution and the mean velocity profiles inside the pressure surface separation. It can therefore be used as a predictive method in the preliminary stages of design.
